Current literature acknowledges the effect of food structure on bacterial dynamics. Most studies introduce this "structure" factor using a single gelling agent, resulting in a homogeneous environment, whereas in practice most food products are heterogeneous. Therefore, this study focuses on heterogeneous protein-polysaccharide mixtures, based on gelatin and dextran. These mixtures show phase separation, leading to a range of heterogeneous microstructures by adjusting relative concentrations of both gelling agents. Based on confocal microscope observations, the growth of Escherichia coli in gelatin-dextran systems was observed to occur in the dextran phase. To find a relation between microscopic and population behavior, growth experiments were performed in binary and singular gelatin-dextran systems and culture broth at 23.5°C, with or without adding 2.9% (wt/ vol) NaCl. The Baranyi and Roberts growth model was fitted to the experimental data and parameter estimates were statistically compared. For salted binary mixtures, a decrease in the population maximum cell density was observed with increasing gelatin concentration. In this series, for one type of microstructure, i.e., a gelatin matrix phase with a disperse dextran phase, the maximum cell density decreased with decreasing percentage of dextran phase. However, this relation no longer held when other types of microstructure were observed. Compared to singular systems, adding a second gelling agent in the presence of NaCl had an effect on population lag phases and maximum cell densities. For unsalted media, the growth parameters of singular and binary mixtures were comparable. Introducing this information into mathematical models leads to more reliable growth predictions and enhanced food safety.
T
he Centers for Disease Control and Prevention (CDC) estimate that each year roughly 1 in 6 Americans (i.e., 48 million people) become ill, 128,000 are hospitalized, and 3,000 die of food-borne diseases (1) . In the EU, more than 55,000 human cases associated with food-borne outbreaks were reported in 2012 (2) . Predictive microbiology is one of the approaches to improve food safety. It aims at constructing mathematical models that predict microbial behavior as a function of environmental conditions. These predictions are useful tools in risk assessment, food process control, and product design (3) .
Microbial behavior in liquid systems has been studied thoroughly, and most available predictive models are based on experimental data in broth. These models are routinely applied to predict microbial growth in structured food systems, although food structure has been acknowledged to play a key role on microbial growth (4) . Food model systems that mimic the composition and structure of real foods are often used to study microbial behavior in foods under reproducible and controllable conditions. A myriad of studies on microbial behavior in structured systems have already been conducted, involving different gelling agents and target microorganisms (Table 1) .
Most studies involving food model systems only handle one gelling agent, resulting in a homogeneous growth environment. In contrast, most food products contain different phases, e.g., water, proteins, polysaccharides, and fat, leading to a heterogeneous environment. Observation of bacterial growth in such heterogeneous systems is mostly limited to studies in specific food products (Table 1) . No general conclusions can be drawn about the sole effect of a heterogeneous microstructure on microbial growth since these food products each contain their own characteristic amounts of nutrients, salt, preservatives, etc. General studies in model systems with a heterogeneous microstructure have already been performed (Table 1) . It has been shown that the microstructure of packed beds (22, 23) and emulsion systems influences microbial behavior (20, 21, 24) . However, in these studies, heterogeneity is introduced by the addition of a second phase that does not allow bacterial growth, and in the case of the packed bed, not resembling real food products since silica particles and Sephadex microspheres are not used as food components in real food products. In summary, to accurately predict microbial behavior in food products, heterogeneous food model systems with all phases potentially supporting bacterial growth must be studied, meaning that microbial growth in these phases is physically possible. However, the components that introduce heterogeneity (e.g., gelling agents) do not necessarily have to be metabolizable.
Proteins, polysaccharides, and their mixtures are widely used in food products (33) and are known to show phase separation in a certain range of conditions, e.g., at high ionic strength (34) . The process of phase separation and the resulting heterogeneous microstructures have extensively been discussed in the literature (see, for example, references 34 and 35). In addition, it is well known that bacterial growth is supported by nutrient-enriched protein (8, 10, 12, 15) and polysaccharide-based gels (9) . Exam-ples of food products containing protein-polysaccharide mixtures include puddings, whipped cream, sauces, and dressings.
The general objective of the present study was to investigate the effect of different heterogeneous microstructures on the microbial dynamics of Escherichia coli by performing growth experiments in phase-separating protein-polysaccharide food model systems, i.e., gelatin-dextran (G/D) systems. The population growth dynamics of E. coli were studied in seven gelatin-dextran mixtures with different microstructures obtained by using different ratios of gelatin and dextran, created as described previously (36) . In this series of experiments, gelatin/dextran ratios of Ն1 were tested. To study the effect of salt, added in order to ensure phase separation, on the phase separation of the G/D systems and on the microbial growth behavior in the G/D systems, experiments were also performed in binary systems without added salt. Since the dextran phase is the preferential phase for E. coli growth, we tested whether singular dextran systems can mimic the population growth behavior in the binary G/D systems. For this purpose, the results in binary systems are compared to those obtained in singular systems of gelatin and dextran and, for completeness, in culture broth, with or without added salt. The growth parameters are estimated by fitting the Baranyi and Roberts growth model (37) to the experimental data. The population results were then compared to confocal microscope images in order to find a relation between microscopic and population observations. This study investigates population microbial dynamics in binary gelled systems with heterogeneous microstructures supporting microbial growth in relation with confocal microscope observations. In addition, some hypotheses for the observed phase separation and preferential growth phase are presented.
MATERIALS AND METHODS
Microorganisms and preculture conditions. Escherichia coli JM-109 DE3(pRSETb) Venus stock culture was kindly provided by the Department of Chemistry (KU Leuven, Leuven, Belgium). The inoculum was prepared by transferring a loopful of the stock culture into an Erlenmeyer containing 20 ml of brain heart infusion (BHI; Oxoid, Basingstoke, United Kingdom) enriched with 20 l of ampicillin (Applichem, Darmstadt, Germany). After 9 h at 37°C under static conditions (Binder KBseries incubator; Binder, Inc., Great River, NY), a 20-l aliquot of the stationary-phase culture was inoculated into 20 ml of fresh BHI containing 20 l of ampicillin and incubated for 15 h under the same conditions.
Gelled media: preparation, characterization, and inoculation. Gelled media were prepared by mixing BHI powder (37 g/liter) and, if appropriate, 2.9% (wt/vol) NaCl (AnalaR Normapur; VWR, Belgium), with different ratios of gelatin (gelatin from bovine skin, type B; Sigma) and dextran (dextran from Leuconostoc spp. [M r Ϸ 500,000]; Sigma, Denmark) in glass tubes with screw caps. The salt is added to ensure high enough ionic strength and hence phase separation in accordance with the method of Tromp et al. (38) . Different ratios of gelatin and dextran were chosen in order to unravel the effect of their relative concentrations on system microstructure and microbial behavior ( Table 2 ). After 15 ml of demineralized water was added, the samples were placed in a thermostatic water bath (GR 150 S12; Grant, United Kingdom) at 70°C for 12 min. In a next step, 30 l of a 0.01% (wt/vol) rhodamine B solution (R953; Aldrich, Germany) was added, and the mixture was filter sterilized through a 0.2-m-pore-size filter (Filtropur S 0.2; Sarstedt, Germany) with the aid of a syringe (10 ml of Norm-Ject; Henke Sass Wolf, Germany). Then, 15 l of ampicillin was added to the samples, and the appropriate volume of a dilution of the preculture was inoculated to obtain an initial cell density of ϳ10 4 CFU/ml. Undiluted samples are difficult to plate due to the consistency of the gelled media, so an inoculum level was chosen in such a way that the first decimal dilution of the first sample could be detected via plate counting.
The water activity and pH of each mixture were determined with the aid of an aw-Kryometer (AWK-40; Nagy, Germany) set on the "liquid" modus and a pH meter (DocuMeter, Sartorius, Germany), respectively. Measurements were performed on media without bacterial cells.
Experimental setup for growth experiments. Sterile glass screw-cap tubes (5 ml) were filled with 1 ml of inoculated medium, and then phase separation was induced by incubating the samples at room temperature for 20 min. After 6 min at 4°C to solidify the gels and then 4 min at room temperature to warm them up, the samples were placed in a temperaturecontrolled water bath at 23.5°C. A water bath was used in order to obtain fast heat transfer. Within 5 min, the temperature in the tubes reaches the temperature in the water bath. The temperature selected for growth experiments is a trade-off between the temperature at which the gelatindextran mixture is stable and the temperature that can be kept fixed in a water bath without cooling.
At regular time steps, one tube of each mixture was removed from the water bath at 23.5°C and placed in another water bath at 37°C in order to melt the structured medium. After the appropriate serial decimal dilutions were prepared in BHI, the samples were plated onto BHI supplemented with 1.4% (wt/vol) agar (agar technical No. 3; Oxoid, Basingstoke, United Kingdom). The plates were incubated for at least 18 h at 37°C before viable cell counting. At least four independent experiments were conducted for each mixture.
Estimation of growth parameters. The growth model of Baranyi and Roberts (37) was fitted to the growth curves. Model parameters were estimated from the set of experimental data corresponding to each mixture via the minimization of the sum of squared errors (SSE), using the lsqnonlin routine with the Levenberg-Marquardt optimization algorithm of the Optimization Toolbox of Matlab version R2010b (The MathWorks, Inc., Natick, MA). Standard errors of parameter estimates were calculated from a Jacobian matrix. It should be noted that a global estimation procedure was standardized for each mixture to consider deviations in test reproducibility.
Statistical analysis. An analysis of variance (ANOVA) test was performed to determine whether there are any significant differences among means of parameter estimates, at a 95.0% confidence level (␣ ϭ 0.05). If the ANOVA indicated significant differences between the parameters for the different mixtures, a Fisher least-significant-difference (LSD) test was used to identify which means were significantly different. Standardized skewness and standardized kurtosis were used to assess whether the data sets came from normal distributions. These analyses were performed using the Statgraphics Centurion XVI.I Package (Statpoint Technologies, Warrenton, VA). Test statistics were regarded as significant when P was Յ0.05. Analyses were performed for experiments with or without added salt separately.
Microscopy: sample preparation and image analysis. Preparation of the mixtures for the confocal microscope samples was performed in the same way as for the growth experiments. After inoculation, well chambers (chambered borosilicate cover glass system; Nunc Lab-Tek, USA) were filled with 300 l of the mixture and incubated at room temperature. As described by Boons et al. (36) , images were taken with a commercial laser scanning microscope (FV 100 [Olympus], ϫ60 magnification). An image analysis procedure was written using the algorithms embedded in the Matlab image processing toolbox (MathWorks). At least five images per mixture were analyzed. First, microscope RGB images were converted to grayscale images. Next, contrast was enhanced by applying adaptive histogram equalization. Finally, the contrast enhanced grayscale images were segmented with pixel thresholding. These segmented images allow quantification of the size and shape characteristics of the microstructures in the samples. In the present study, the percentage of dextran phase in the images is reported as a surface fraction in the analyzed images.
RESULTS
Intrinsic properties of G/D systems: pH and water activity. In Fig. 1 , the water activity (a w ) and pH of the different studied systems are plotted as a function of medium composition. These population measurements were performed in mixtures without the addition of bacteria. For the mixtures supplemented with salt, the water activity values ranged from 0.9687 (4G/1D) to 0.9799 (1D). Values for mixtures with no added salt varied between 0.9914 (4G) and 0.9970 (1D). The pH values fluctuated between 6.17 (4G) and 7.29 (1D) for the salted mixtures and from 6.30 (4G/1D) to 7.08 (1G/1D) for the nonsalted mixtures. The variation in pH and water activity was induced by changing the composition of the mixture, i.e., adding dextran, gelatin, and salt. The addition of salt or gelatin caused a decrease in water activity and pH, whereas the effect of dextran was limited.
Microscopic characterization of G/D systems. Confocal microscope images taken in salted and unsalted mixtures are shown in Fig. 2 . For all systems, phase separation between gelatin and dextran was observed. For the same ratios of added gelling agents, the microstructures were similar for salted and unsalted mixtures. Only for the 1G/1D and 2G/1D systems was a bicontinuous phase observed for the unsalted mixtures, whereas the microstructure in the salted systems consisted of a disperse phase in a matrix phase. For both salted and unsalted mixtures, phase inversion was observed when the ratio of gelling agents was changed from 4G/1D to 2G/2D. As previously observed in the salted systems (36) , in the unsalted systems E. coli growth also occurred in the dextran phase, regardless of the microstructure.
Population growth dynamics in G/D systems with added salt. In Fig. 3a , E. coli growth curves obtained at the population level in singular and binary gelatin-dextran mixtures and liquid BHI with added salt are shown. Sigmoidal curves, including the typical microbial growth phases, were observed under all of the conditions. Population growth kinetics: lag-phase duration and maximum growth rate. From Fig. 3a it is clear that the population lag and exponential growth phase in binary G/D systems were similar for all mixtures. However, the growth curves obtained in singular dextran systems and also in BHI broth showed a delay in population lag phase compared to binary systems. This is counterintuitive, i.e., the dextran phase has been shown to be the preferential site for E. coli in gelatin-dextran systems; hence, it was expected that population growth in binary systems would be comparable to that observed in singular dextran systems. The results of the parameter estimation confirmed the previously mentioned observations (Fig. 4a to c, including the results from ANOVA and LSD tests). For the salted G/D mixtures, population lag-phase durations did not vary significantly among binary mixtures, excluding the 1G/1D system, which had a longer population lag phase (Fig.  4a) . However, a significantly higher value was observed for the population lag-phase duration in the liquid system and the singular dextran systems, with a negligible difference between both dextran systems. The population lag phase duration in the singular gelatin system was within the range of the values observed in the binary systems but significantly lower than the values obtained for the singular dextran systems. Looking to the different parameter values for the population maximum specific growth rate, an increasing trend was observed with increasing gelatin concentration.
Population maximum growth capacity. Figure 4c indicates that increasing the gelatin concentration for a fixed dextran concentration resulted in a slight decrease in the population maximum cell density. A similar but less pronounced observation held for an increase in dextran concentration, keeping the gelatin concentration constant. The population maximum cell density in the singular gelatin system was lower than the other reported concentrations, whereas values for the BHI broth and singular dextran systems were within the range of those obtained for the binary mixtures. Again, the difference between both singular dextran systems was negligible.
Population growth dynamics in G/D systems with no added salt. As for the salted systems, for all systems with no added salt, sigmoidal growth curves were observed (Fig. 3b) . In contrast to what was observed for the salted systems, Fig. 3b illustrates that E. coli growth curves in systems with no added salt coincide for binary and singular systems, as well as for liquid BHI.
Population growth kinetics: lag-phase duration and maximum growth rate. As expected, a reduction of the salt content to 0.5%, i.e., the percentage of salt present in BHI, led to a decrease in population lag time and an increase in population maximum growth rate and maximum cell density. Parameter estimation (Fig. 4d and f, including results from ANOVA and LSD tests) indicated that the variations in population lag time and population maximum growth rate obtained for results in unsalted mixtures were rather limited.
Population maximum growth capacity. An increase in population maximum cell density was observed when the parameter estimates for systems without and with added salt were compared. For the population maximum cell density in mixtures with no added salt, a similar trend as for the salted media was observed when the gelatin concentration was increased for a fixed dextran concentration, i.e., the population maximum cell density decreases. However, this trend was more pronounced for the salted mixtures.
DISCUSSION

Microscopic characterization of G/D systems.
In a previous study (36) , phase separation in G/D systems, supplemented with BHI and 2.9% salt, was observed. Changing the relative and absolute amounts of the gelling agents led to a change in microstructure characteristics. More specifically, when increasing the amount of gelatin for the 1D systems, the diameter of the dextran spheres increased (Fig. 2, left panels) . When bacteria were added, it was found that the dextran phase was the preferential site for E. coli growth, regardless of the microstructure. However, the under- lying mechanisms for these observations were not unraveled, and further analysis is encouraged. In the present study, the observed phase separation, as well as the preferential phase behavior, are discussed in detail and supported with relevant literature.
Phase-separating G/D systems. First of all, the mechanisms behind phase separation in protein-polysaccharide mixtures, such as G/D systems, should be discussed. It is well known that, under specific conditions, mixtures of proteins and polysaccharides show thermodynamic incompatibility, forming aqueous twophase systems (ATPS). This incompatibility between proteins and neutral polysaccharides can be reached at high ionic strengths or at pH values different from the isoelectric point of the protein (pI). Also, the difference in hydrophilicity between proteins and polysaccharides, the so-called "⌬ effect," is of great importance for phase equilibrium in protein-polysaccharide-water systems (34) . For the gelatin-dextran mixture, Grinberg and Tolstoguzov (34) reported that incompatible conditions for the protein-polysaccharide mixture are fulfilled when (i) the ionic strength is lower than 0.15 and the pH is equal to the pI or (ii) the ionic strength is higher than 0.15, and there is an inequality between pH and pI. With high ionic strength (Ͼ0.5 M) and pH values for all salted mixtures (Fig. 1b) that exceed the pI of gelatin (4.7 to 5.2) (39), phase separation is expected to happen in the salted mixtures, as already described in literature (35, 38) . Here, it was observed that when no extra salt was added, phase separation still occurs. Since the pH of these mixtures exceeds the pI of gelatin and the added BHI causes an ionic strength of 0.38 M, the conditions for phase separation are fulfilled. In the nonsalted systems, phase separation is observed for all systems, including the 1G/1D systems, although for this system phase separation was not evident when salt was added.
Distribution of E. coli cells in phase-separating G/D systems. The distribution of bacterial cells in different ATPS is already described in literature. However, to the best of our knowledge, no studies focus on the growth behavior of microorganisms in ATPS with different compositions and, hence, different microstructures. Also, most studies are performed in systems not resembling food products. Clostridium tetani, Lactobacillus rhamnosus, and E. coli W3110, ML308, and MG1655 were shown to have a preference for the dextran phase in polyethylene glycol-dextran systems (40) (41) (42) (43) . Also, in polyvinylpyrrolidone-dextran systems, Lactobacillus rhamnosus and Enterococcus faecium M74 were found preferentially in the dextran phase (42, 44) . In alginate-sodium caseinate mixtures, bacteria were not located in the polysaccharide phase, as observed in the present study, but Lactococcus lactis LAB3 preferred the protein phase (45) .
In the present study, E. coli cells were located in the dextran phase of the G/D system. Some hypotheses for this behavior are discussed below. In the G/D mixtures studied here, the pI of gelatin is exceeded, which causes the protein to become negatively charged. Harden and Harris (46) reported that E. coli cells have a negative cell surface charge in a suspending solution of 0.01 M K 2 HPO 4 and 0.01 M KH 2 PO 4 (pH 7.0). Schwarz-Linek et al. (47) performed electrophoretic mobility measurements and confirmed that E. coli carried a net negative charge in modified phosphate buffer. Also, Dickson and Koohmaraie (48) measured a negative charge on the E. coli cell surface when suspended in a phosphate buffer and its effect on bacterial attachment to meat surfaces. Because of this negative charge, electrostatic repulsion is likely to be one of the reasons why the cells do not appear in the proximity of the negatively charged gelatin molecules but prefer the neutral dextran phase. However, it must be mentioned that E. coli can be found in the gelatin phase in singular gelatin systems.
In the literature, the surfaces of E. coli cells have been reported to be relatively hydrophilic compared to proteins, probably because of the hydrophilic head groups of the phospholipids, which are the main components of the cell membrane (49, 50) . Since dextran is known to be a hydrophilic molecule (51) , it is likely that the hydrophilicity of both dextran molecules and E. coli cells makes this phase the preferred site for E. coli growth. On the other hand, gelatin is a molecule containing both hydrophilic and hydrophobic groups (52) .
In conclusion, the combination of both electronegativity and hydrophilicity favors the distribution of E. coli in the dextran phase over the gelatin phase. Thus, both mechanisms contribute to the observed preferential phase behavior.
Population growth dynamics in G/D systems with added salt. The estimated growth parameters in salted binary and singular mixtures were compared as a function of the mixture composition in order to unravel the effect of system microstructure on population bacterial dynamics. In the present study the relation between observed microstructure and population growth parameters is discussed.
Population growth kinetics: lag-phase duration. When we compared the population lag-phase duration of the different mixtures, we observed significantly different values for the 1G/1D binary mixture, the singular dextran systems, and the liquid system. The absence or smaller amount of gelatin in these systems is a coherent explanation for this increase in the population lag phase. Boons et al. (8) studied the growth behavior of E. coli and Salmonella enterica serovar Typhimurium in gelatin, xanthan gum, and gelatin-xanthan gum systems and in BHI broth at 23.5°C at salt concentrations ranging from 0.0 to 5.0% (wt/vol). These researchers found that the addition of gelatin to BHI broth caused a decrease in population lag phase at salt concentrations of 3.0, 4.0, and 5.0% (wt/vol). In this sense, sodium chloride has reported to be bound to gelatin (52) (53) (54) , which can cause a lower apparent salt concentration. Since the population lag-phase duration is influenced by cell prehistory and environmental growth conditions, a lower apparent salt concentration in the growth medium, due to a higher gelatin concentration, may lead to shorter population lag phases, given a non-salt-enriched preculture medium. Because 2.9% (wt/vol) NaCl is added to all systems, differences in population lag-phase duration can be expected, depending on the gelatin concentration. In the singular dextran systems and BHI broth, no gelatin is present in the media, which can explain the longer population lag phase. For the 1G/1D system, the gelatin concentration may not be high enough to cause the full effect on salt concentration observed in the other binary mixtures, although it significantly affects population lag times compared to singular dextran systems and BHI broth. This hypothesis is also supported by the experimental results in systems with no added salt, where population lag times are comparable, independently of mixture composition.
Population growth kinetics: maximum growth rate. Statistical analysis of population maximum specific growth rate estimates for binary mixtures (Fig. 4b) yielded significantly different values. Increasing the gelatin concentration for a fixed dextran concentration, from 2.5% (for the 1D systems) or 5% (for the 2D systems) to 10% (wt/vol) led to an increase in the maximum specific growth rate. However, the largest difference between two values was only 0.039 h Ϫ1 , taking into account the minimum (0.3574 Ϯ 0.0077 h Ϫ1 for the 2G/2D system) and maximum value (0.3962 Ϯ 0.0093 h Ϫ1 for the 4G/2D system). Theys et al. (12) reported that the effect of the gelatin concentration on the population maximum growth rate was negligible, since significant differences were not found between the growth curves of S. Typhimurium bacteria in 1.0% (wt/vol) gelatin and 5.0% (wt/vol) gelatin, which were obtained under conditions similar to those used in the present study. Antwi et al. (15) observed that for Listeria innocua within the range of between 5.0 and 20.0% (wt/vol) gelatin, the population maximum growth rate remained approximately constant and was not affected by the increase in gelatin concentration. The small difference between minimum and maximum value, combined with the information obtained from literature, does not lead to a definitive conclusion. The population maximum growth rate of the singular gelatin system is in line with the values observed for the binary systems. However, population maximum growth rates in the singular dextran systems and especially in BHI broth turn out to be slightly lower. Possibly, the absence of gelatin and, hence, the possibly higher apparent salt concentration, causes a decrease in the population maximum growth rate. However, in the study of Boons et al. (8) , discussed above, no effect of the addition of gelatin to BHI broth on the population maximum growth rate was observed.
Population maximum growth capacity. The trend in maximum cell density can be related to two factors.
First, for the binary mixtures, increasing the gelatin concentration for a fixed dextran concentration leads to a decrease in the maximum cell density. In addition, the lowest population maximum cell density is observed for growth experiments in singular gelatin systems. This is an indication that the concentration of gelatin influences to some extent the population maximum cell density. It is hypothesized that this effect may be 2-fold: (i) by adding more gelatin, the pH and water activity are lowered, leading to less-optimal growth conditions that may affect the population maximum cell density, and (ii) the rigidity of the systems increases when more gelatin is added. Theys et al. (12) performed rheological oscillatory measurements and concluded that gels became more firm and rigid when increasing the gelatin concentration from 1.0 to 5.0% (wt/vol). In this more rigid structure, the diffusion of nutrients toward and diffusion of metabolites away from the colony would be slowed down, which limits colony growth.
Second, changing the gelatin (and dextran) concentration also causes a change in the microstructure. In addition to the change in composition, the resulting change in microstructure can also have an effect on the population maximum cell density. Since the dextran phase is the preferential phase for bacterial growth, it is expected that the more dextran phase is present, i.e., the more space is available for bacterial growth, the higher the population maximum cell density will be. The results of image analysis suggest that there is indeed a relation between the fraction of dextran phase in the mixture and the population maximum cell density, i.e., the maximum cell density increases with increasing available dextran phase. However, this trend is only observed for mixtures exhibiting a microstructure with a dextran phase dispersed in a gelatin matrix, i.e., the 1D binary systems show a decrease in population maximum cell density with decreasing percentages of dextran phase: 2G/1D (24.9% Ϯ 2.5% dextran phase), 3G/1D (21.2% Ϯ 0.5% dextran phase), and 4G/1D (19.5% Ϯ 1.0% dextran phase). Compared to mixtures with a different type of microstructure, i.e., gelatin phase dispersed in a dextran matrix or a combination of both, the relation between the population maximum cell density and the percentage of dextran phase no longer holds. For example, the dextran fraction in the 2G/2D mixture is higher (60.8% Ϯ 4.5%) than the dextran fraction in the 2G/1D mixture, but the population maximum cell density is lower. Also, the population maximum cell density in the singular dextran systems, fully consisting of dextran phase, is not higher than the values observed for the binary systems, which contain a lower fraction of the dextran phase. It should be noted that going from the 1G/1D to the 4G/1D mixture, the observed dextran spheres get bigger (Fig. 2) , but the population maximum cell density does not increase as expected. It seems that for the 1D binary systems the overall percentage of dextran phase instead of the local size of a dextran sphere is the factor related to the maximum cell density. However, it should be taken into account that (i) the microstructure of G/D systems depends on the concentration of the gelling agent. To uncouple these factors, future research must focus on the creation of different microstructures, obtained with the same concentration of gelling agents, e.g., by shearing the system (55). (ii) Care must be taken when relating the population and the microscopic level. The maximum cell density is a population parameter. It is an average, global value for the population present in the system, whereas (confocal) microscope images focus on one cell/colony (see, for example, reference 56). By using the average value, information at the colony level might get lost, whereas confocal microscope images fail to provide an overview of the whole population.
Population growth behavior in G/D systems with no added salt. (i) Population growth kinetics: lag-phase duration and maximum growth rate. As widely accepted in the literature (8, 10, 12, 57) , it was also observed in the present study that leaving out the extra amount of salt has a positive effect on bacterial dynamics in G/D systems. The parameter values for the population lag time in systems with no added salt are lower, and values for population maximum growth rates are higher than those obtained in the corresponding systems with extra salt. In addition, values for the population lag time are similar for all systems, whereas in the salted systems some differences in population lag times were observed. Differences among the population maximum growth rates in the different mixtures without added salt are considered too small for conclusions to be drawn, as also stated above for salted systems.
(ii) Population growth capacity. Decreasing the salt concentration leads to an increase in population maximum cell densities. For these higher values, the trend of the population maximum cell density as a function of the mixture composition is also similar to that observed in the salted systems, although less pronounced.
Comparison of the population growth capacity to observed microscopic images shows that in the 1D binary systems a change in microstructure type is observed when the gelatin concentration is increased, i.e., from bicontinuous to a dextran phase dispersed in gelatin matrix, leaving no more than two mixtures with the same type of microstructure. Also for the 2D binary systems, different microstructures were observed. As such, no conclusions on the effect of microstructure on the population maximum cell density can be drawn for the systems without added salt.
Conclusion. Based on the growth experiments performed here, we can state that to estimate the effect of a biphasic microstructure on E. coli growth at a macro scale it is not sufficient to perform experiments in the preferential phase, especially when a stress factor is present, i.e., salt. This is in contrast to what is sometimes reported in literature (see, for example, reference 58). In the presence of salt, adding a second gelling agent influences the population lag time duration and, to a limited extent, the maximum growth rate. However, for media without added salt, the growth parameters of singular and binary gelatin-dextran mixtures are comparable.
The presence of a second gelling agent, introducing a heterogeneous microstructure, also has an effect on the population maximum cell density. There is a relation between the percentage of dextran phase in the mixture and the maximum cell density for the salted 1D binary systems, i.e., the mixtures with a microstructure exhibiting a dispersed dextran phase in a gelatin matrix. However, this relation between the percentage of the dextran phase and the population maximum cell density does not hold for other types of microstructures. Additional research is needed to investigate whether there is a relationship between the different types of microstructure, i.e., whether there is a general parameter (e.g., rigidity of the microscopic growth environment, particle size distribution, etc.) that can characterize the different types of microstructures in relation to population growth parameters.
The present study emphasizes that the addition of a combination of gelling agents to food products, leading to a phase-separated system, cannot be neglected when making predictions on population bacterial growth and certainly not when additional stress factors are present.
